Microalgae are a favorable feedstock for bioproducts and biofuels due to their high oil content, fast growth rates, and low resource demands. Solvent lipid extraction efficiency from microalgae is dependent on algal strain and the extraction solvent. Four non-polar extraction solvents were evaluated for the recovery of neutral cellular lipids from microalgae Oocystis sp. (University of Texas at Austin LB2396). Methylene chloride, hexane, diethyl ether, and cyclohexane were selected as the extraction solvents. The lipid extracts were derivatized and analyzed using gas chromatography-mass spectroscopy. All solvent extracts contained hexadecanoic acid, linoleic acid, and linolenic acid; accounting for 70% of total lipid content with a proportional wt% composition of the three fatty acids, except for the hexane extracts that showed only hexadecanoic acid and linoleic acid. While not statistically differentiated, methylene chloride proved to be the most effective solvent for Oocystis sp. among the four solvents tested with a total average neutral lipid recovery of 0.25% of dry weight followed by diethyl ether (0.18%), cyclohexane (0.14%), and hexane (0.11%).This research presents a simple methodology to optimize the selection of lipid specific extraction solvents for the microalgal strain selected.
INTRODUCTION
Microalgae have demonstrated great potential as a feedstock for bioproducts and biofuels. Microalgae have extremely high growth rates with biomass doubling times as short as 3.5 h (Chisti, 2007) . Microalgae can be grown in wastewater or brackish water thereby, offsetting the requirement for fresh water. In addition to high growth rates, the lipid content of some microalgae strains has been reported as high as 80 wt% of dry biomass when subjected to stressful growth conditions that maximize lipid content (Chisti, 2007) .
Microalgae can be fractionated into its major biochemical compounds, namely lipids, carbohydrates, and proteins. These biochemical compounds can then be converted into high value or commodity products such as nutraceuticals/pharmaceuticals, biodiesel from lipids, biosolvents, biogas from carbohydrates, aquaculture or animal feed from proteins, and other bioproducts such as pigments (phycocyanin), antioxidants (biliverdin), or antibacterials (Anthony et al., 2013) . Operating on a multiproduct platform will be helpful in minimizing the risks of market fluctuations. Hence, while developing extraction methods or processes, care should be taken to avoid damaging any valuable biochemical compounds. Utilizing such a biorefinery approach to produce several products from microalgae has the potential to greatly improve the economic viability and promote industrial scale production and processing of microalgae.
Biodiesel, an alternative diesel fuel, is made from renewable biological sources such as vegetable oils and animal fats (Ma and Hanna, 1999) . A variety of feedstock can be used to produce biodiesel such as virgin vegetable oil, waste vegetable oil, animal fats, and non-edible oils such as Jatropha oil, neem oil, castor oil, and others. The choice of feedstock for biodiesel is contingent upon the natural resources of the particular region where biodiesel production is desired (Demirbas, 2007) . Although promising, techno-economic assessments for conventional biodiesel production using crop plants have proved them to be unsustainable due their low photosynthetic efficiency, huge fresh water requirement to reach maturity, and slow growth rates (Li et al., 2008) . Moreover, the use of edible oils for biodiesel is controversial in that it may result in an imbalance in the food supply chain.
Conventional methods of oil extraction such as mechanical pressing, supercritical fluid extraction, enzymatic extraction, hydrothermal liquefaction, ultrasonic assisted extraction, and osmotic shock possess certain technological limitations and/or are economically unsuitable for large-scale microalgal lipid extraction (Herrero et al., 2005) . Solvent extraction, on the other hand is a relatively easier method that has been widely used for lipid extraction from microalgae and considered economical for commercial scale systems (Mercer and Armenta, 2011) .
Solvent extraction of algal lipids is carried out by organic solvents such as benzene, hexane, acetone, chloroform (Mercer and Armenta, 2011) , methylene chloride (Chen et al., 1981) , ethanol, isopropanol (Smedes, 1999) , or a combination of organic solvents depending on the products desired. Non-polar solvents such as hexane, cyclohexane, and methylene chloride show higher recovery of cellular non-polar or neutral lipids as compared to polar solvents such as methanol and ethanol, which have higher recovery of membrane associated polar lipids (Sakthivel et al., 2011) . Furthermore, specific algal strains significantly influence www.frontiersin.org solvent selection for lipid extraction. Shen et al. (2009) performed lipid extractions on microalgae Scenedesmus dimorphus and Chlorella protothecoides using hexane and hexane/ethanol solvent systems and found higher lipid recovery with hexane. Fajardo et al. (2007) reported higher lipid recovery with Phaeodactylum tricornutum using hexane/ethanol solvent system. In a similar study, methylene chloride recovered the most neutral lipids from Chlorella sp. when compared to hexane and chloroform (Guckert et al., 1988) . These findings suggest that in addition to the solvent type, the efficiency of lipid recovery is also algal strain dependent.
In this study, four non-polar solvents were chosen as the extraction media to recover neutral lipids from microalgae Oocystis sp. using the Soxhlet method. Oocystis sp. was chosen due to the potential for lipid production as evaluated under the Aquatic Species Program (ASP). It was desired to determine if the fatty acid profile and quantities from Oocystis sp. would be suitable for use as a bioproduct and biofuel feedstock. The four solvents selected were methylene chloride, hexane, diethyl ether, and cyclohexane. These particular solvents were selected based on previous lipid extraction studies on microalgae (Guckert et al., 1988; Shen et al., 2009 ) and marine samples (Smedes, 1999) . The lipid extracts from each solvent were derivatized and analyzed on combined gas chromatography-mass spectroscopy (GC-MS). For this study, no attempt was made to maximize the lipid content of Oocystis sp. by nutrient stressing or manipulating other growth conditions. The objectives of this research were; (1) to identify the most efficient solvent among the four in terms of non-polar lipids extracted, and (2) to quantify and characterize the cellular fatty acid profile of Oocystis sp.
MATERIALS AND METHODS
The algal strain Oocystis sp. was obtained from the University of Texas at Austin (UTEX) culture collection (UTEX # LB2396). Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-one), Fatty Acid Methyl Esters (FAMEs) mix (C8-C24) and internal standard methyl myristate (C15H30O2) were obtained from Sigma Aldrich (St. Louis, MO, USA) and used as received. HPLC grade n-hexane, methanol, cyclohexane, diethyl ether, and methylene chloride were obtained from Fisher Scientific (Pittsburg, PA, USA). Oocystis sp. was grown in closed photobioreactors in artificial sea water media (pH = 7) (McLachan, 1964) as prescribed by Csavina (2008) at an average temperature of 25°C and 0.1 mmol/s/m 2 light intensity with a 16:08 light/dark cycle. Aeration was provided to facilitate mixing.
Prior to lipid extraction, Nile Red staining was used to detect the non-polar lipid content of Oocystis sp. Nile Red is lipid specific and only stains the non-polar lipids within the cell. The fluorescence of the non-polar lipids after being stained with Nile Red can be measured easily on a spectrophotometer (520 nm) (Roessler et al., 1998) . According to the lipid optimization studies performed by Csavina et al. (2011) , a Nile Red reading of 2000 Fluorescent Standard Units (FSU) suggested a high amount of neutral lipids in the cells. The Nile Red staining procedure followed by Csavina (2008) was adopted to determine time of harvesting. Oocystis sp. was harvested by coagulation with a pre-determined dosage of aluminum sulfate. The cells were collected by gravity settling and washed several times with 1.0 M NaOH to remove the associated aluminum hydroxide prior to oil extraction.
To a sample size of 10 g dry algae, methanol was added while grinding using mortar and pestle to lyse the cells (Guckert et al., 1988) . The lysed cells were dried and placed in a cellulose extraction thimble (Whatman no. 2810-338) in the Soxhlet apparatus and the solvents refluxed for 8 h. Extractions were performed in triplicate for each of the four solvents. The derivatization procedure comprised of adding 1 mL of toluene to the reaction test tube containing the extracts followed by 2 mL of 1% sulfuric acid in methanol. The test tube was sealed and heated to 50°C for 8 h. After cooling, 5 mL of 5% sodium chloride in water was added and shaken to dissolve the water soluble elements and encourage phase separation. One milliliter of the top organic phase was transferred to a GC vial for analysis.
The compounds in the lipids extracts were analyzed using a combination of gas chromatography (GC-HP6890) and mass spectrometry (MS-5973) using the parameters provided in Table 1 . External standard comprising of FAME mix (C8-C24) was used to determine the response factors of the compounds relative to the internal standard, methyl myristate. The response factors were calculated by Eq. 1 as:
where i = 1,2,3, . . . , n (where n is defined as the nth FAME), W int and W i are the weights of the internal standard and the compound peak in consideration, respectively, A int and A i are the areas of internal standard and the peak in consideration, respectively, and F is the response factor (Grob and Barry, 2004) . For a specific response factor F, the weight of the unknown can be calculated by Eq. 2 (Grob and Barry, 2004) as:
where, W int and W c are the weights of internal standard and unknown (C), respectively, A int and A c are the areas of internal standard and unknown, respectively, and F c is the response factor for the compound of interest.
RESULTS AND DISCUSSION

GRAVIMETRIC AND NILE RED ANALYSIS
Nile Red values measured by Csavina (2008) for Oocystis sp. on the 7th day of growth was 2000 FSU, which amounted to a 615% One of the possible reasons for higher weight of methylene chloride extracts could be due to the higher polarity index of methylene chloride (3.1) when compared to other solvents, which could have better dissolved the polar components of the biomass such as residual media salts or membrane lipids. The gravimetric analysis measured the total extractable material from Oocystis sp., which could include cellular lipids, chlorophyll, proteins, membrane lipids, and residual media salts and the coagulant aluminum hydroxide.
RESPONSE FACTOR
The FAME mix (C8-C24) (external standard) was spiked with methyl myristate (internal standard) and was run to obtain the response factors for the relevant compounds (Figure 1) . The relevant compounds in the unknown samples were determined as hexadecanoic acid methyl ester (C16:0), linoleic acid methyl ester (18:2), and linolenic acid methyl ester (18:3) eluting at 13.08, 14.07, and 14.17 min, respectively. The response factors for hexadecanoic acid methyl ester, linoleic acid methyl ester, and linolenic acid methyl ester as calculated using Eq. 1 were 0.57, 0.45, and 0.30, respectively.
QUANTITATIVE ANALYSIS OF FATTY ACID METHYL ESTERS
Methyl myristate was used as the internal standard for quantifying the FAMEs in the derivatized extracts. A known volume of methyl myristate was added to the GC vial prior to analysis and the compounds were quantified using Eq. 2. The four extracts consistently showed three peaks eluting between 13 and 15 min, which through mass spectroscopy were identified as hexadecanoic acid methyl ester, linoleic acid methyl ester, and linolenic acid methyl ester except the hexane extracts for which linolenic acid was non-detectable. Figure 2 shows the chromatograms of the extracts of the four solvents indicating the internal standard and the compounds in the sample. Table 2 presents the percent composition of the total FAMEs extracted. One-way analysis of variance (ANOVA) was performed on the mean values of total neutral lipids for the four solvents with a 95% confidence level with the Ryan-Einot-Gabriel-Welsch (REGWQ) test procedure employed for post hoc comparison using Statistical Analysis Software (SAS 9.3). As shown in the REGWQ grouping in Table 3 , there was a significant difference between the weights of the FAMEs extracted by methylene chloride as compared to cyclohexane and hexane, however, there was no significant difference between methylene chloride and diethyl ether. Comparing the average weights of FAMEs extracted, methylene chloride was the highest followed by diethyl ether, cyclohexane, and hexane. The extracts from the four solvents showed nearly proportional percent composition of hexadecanoic acid methyl ester, linoleic acid methyl ester, and linolenic acid methyl ester as shown in Table 2 . Although there are other fatty acids in Oocystis sp. in much lower concentrations, these three fatty acids represent about 70% of the fatty acid profile (Patil et al., 2007) and were the only ones to have been sufficiently produced to be detected as per our growth, extraction, and analytical conditions.
Based on the evaluations conducted under the ASP, Oocystis sp. was selected as a candidate for potential bioproduct and biofuel production. Four non-polar solvents were evaluated for their extractability of neutral lipids from Oocystis sp. Of the four solvents, methylene chloride (on average) extracted the highest amount of neutral lipids followed by diethyl ether, cyclohexane, and hexane. The success of any bioproduct/biofuel program relies on identifying high lipid producing algal strains and the respective optimum extraction conditions. The economics of bioproduct/biofuel production can further be improved by employing a biorefinery platform to fractionate the biomass thereby, allocating the economic and environmental burdens to all the bioproducts generated, accordingly.
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